This work is devoted to the synthesis and stabilization of magnetorheological suspensions constituted by monodisperse micrometer-sized magnetite spheres in aqueous media. The electrical double-layer characteristics of the solid/liquid interface were studied in the absence and presence of adsorbed layers of high molecular weight polyacrylic acids (PAA; Carbopol). Since the Carbopol-covered particles can be thought of as "soft" colloids, Ohshima's theory was used to gain information of the surface potential and the charge density of the polymer layer. The effect of the pH of the solution on the double-layer characteristics is related to the different conformations of the adsorbed molecules provoked by the dissociation of the acrylic groups present in polymer molecules. The stability of the suspensions was experimentally studied for different pH and polymer concentrations, and in the absence or presence of a weak magnetic field applied. The stability of the suspensions was explained using the classical DLVO theory of colloidal stability extended to account for hydration, steric, and magnetic interactions between particles. Diagrams of potential energy vs interparticle distance show the predominant effect of steric, hydrophilic/hydrophobic, and magnetic interactions on the whole stability of the system. The best conditions to obtain stable suspensions were found when strong steric and hydrophilic repulsions hinder the coagulation between polymer-covered particles, simultaneously avoiding sedimentation by the thickening effect of the polymer solution. When a not too high molecular weight PAA was employed in a low concentration, the task of a long-time antisettling effect compatible with the desired magnetic response of the fluid was achieved.  2004 Elsevier Inc. All rights reserved.
Introduction
Magnetorheological suspensions consist of micrometersized magnetizable particles dispersed in suitable carrier liquids. These suspensions exhibit a fast and very strong response to the action of external magnetic fields [1] [2] [3] . In the absence of the field, these fluids typically behave as nearly Newtonian liquids. However, the application of even a modest external magnetic field causes the particles to attain large magnetic moments aligned in the direction of the external field, resulting in a strong magnetic interaction. This leads to aggregation in complex networks, that in turn provoke an increase of viscosity. These structures can withstand a certain shear stress without breaking, and this imparts a solid-like behavior of the suspension, characterized by a high yield stress.
Magnetorheological fluids (MRF) contain particles with high density (e.g., iron, ferrites) dispersed in a liquid carrier with low density. As a consequence, stability against gravitational settling remains a central problem in the potential technological applications of MRF [3] [4] [5] . To overcome this problem, different methods have been proposed when nonpolar oils are used as carrier liquids: (i) adding thixotropic agents (stearates, anisotropic carbon fibers, silica nanoparticles) [5] [6] [7] ; (ii) the use of viscoplastic media [8] , or (iii) choice of water-in-oil emulsions as continuous phase [9] .
MRF in polar carriers also have potential technological applications [2] , and in this case less attention has been paid to the possible mechanisms of stabilization against gravitational settling. However, the challenge of avoiding the sedimentation of high-density colloidal particles in aqueous media has been tackled in different technological areas such as ceramic processing or pharmaceutical suspensions [10, 11] . One of the most frequently used methods to stabilize these suspensions consists in adding thickening agents that, under low shear stress, hinder the particle settling because of the high viscosity that they impart to the aqueous solution. Among the thickeners employed for this purpose, high molecular weight polyacrylic acid (PAA) polymers are common additives [12, 13] . Furthermore, the possible adsorption of PAA molecules at the solid/liquid interface can contribute to decrease the sedimentation rate because of the modification of the colloidal interactions between the particles. In this case, the existence of both steric and electrostatic forces may be evidenced indirectly through the stabilizing protection provided by the adsorbed molecules [12, 14] .
The aim of this work is essentially to investigate the effect of polymer adsorption on the sedimentation rate of aqueous magnetite suspensions, in both the presence and the absence of an external magnetic field. The selected PAA polymers (Carbopol) are usually employed in the pharmaceutical industry to stabilize aqueous suspensions because of their strong thickening effect and high adsorption capacity [13] . In order to make this study as quantitative as possible, we use magnetic particles with a narrow size distribution as solid-phase spherical.
An explanation of the experimental observations will require the previous estimation of the interaction energy between the particles, including not only the magnetic contribution but also the electrostatic, van der Waals, steric, and acid-base, or hydration forces in the context of the so-called extended DLVO theory of colloidal stability [15] [16] [17] .The effect of pH, polymer concentration, and magnetic flux density on both the observed stability and the calculated interparticle energy of interaction will be described and discussed.
Materials and experimental methods

Materials
The polyacrylic acid polymers used were two different Carbopol hydrosoluble resins cross-linked with alkyl sucrose, and with molecular weights ≈ 3 × 10 6 and 1.25 × 10 6 (C-934 and C-941, respectively), manufactured by Noveon Inc. (Cleveland, OH). The manufacturer reports that: (i) for 0.2 wt% resin concentration the polymer solutions present a maximum viscosity at pH 8, with a quasi plateau in the pH range 6-10; (ii) the equivalent weight of these polymers is 76 ± 4 g/eq; (iii) the pK a of the acrylic carboxyl group is 6.0 ± 0.5.
Deionized and filtered water (Milli-Q Academic, Millipore, France) was used in the preparation of all the suspensions and solutions. The chemicals used were purchased from either Sigma-Aldrich (Germany) or Panreac (Spain) with analytical quality, and were not further purified.
Magnetite particles were prepared following the coprecipitation method proposed by Sugimoto and Matijević [18] . The first stage of the synthesis is the preparation of an aqueous solution containing 25 ml of 5 M KOH, 10 ml of 2 M KNO 3 , and 452 ml of water. Water was previously purged with pure N 2 for at least 30 min to avoid the presence of dissolved oxygen in as much as possible. The resulting solution was purged with N 2 for 2 h. At the same time, 20 ml of 1 M FeSO 4 ·7H 2 O solution was prepared with water also previously purged with N 2 for 2 h. Then, 13 ml of this Fe 2+ solution was added to the KOH and KNO 3 solution.
The resulting solution was placed in a 500 cm 3 stoppered flask and kept for 4 h in an oil bath (Memmert, Germany) preheated at 90 • C. After this time, the reaction was stopped in a cold water bath. The suspensions thus obtained were repeatedly cleaned of undesired material (particularly, goethite, α-FeOOH) by repeated magnetic sedimentation and redispersion. The material not adhered to the flask wall in contact with the permanent magnet (B = 0.42 T) was pipetted off and substituted with ethanol. Water was not used in this step because the aging of magnetite surface in aqueous solutions can produce magnetite (γ -Fe 2 O 3 ), thus modifying the isoelectric point (see below) of the particles [19] . The process was considered finished after 15 cleaning cycles with ethanol.
The specific surface area of the magnetite powder, determined by N 2 adsorption using the BET multipoint method (Quantasorb Jr., Quantachrome, USA), was 3.67 ± 0.14 m 2 /g.
Magnetic properties
The magnetization, M, of the solids was measured as a function of the applied magnetic field, H , in a Manics DSM-8 (France) magnetosusceptometer. The hysteresis of the magnetization was measured by changing H between −1400 and 1400 kA/m. These measurements were carried out at room temperature (298.0 ± 0.2 K).
Electrical surface characterization
Electrophoretic mobility (u e ) measurements were performed in a Malvern Zetasizer 2000 apparatus (Malvern Instruments, England) at 25.0 ± 0.5 • C, using suspensions containing 0.05 g/L solids. Measurements were carried out 24 h after preparation of the suspensions, and the pH was readjusted immediately before the mobility was measured. The estimation of the surface potential of polymer-covered magnetite particles from u e measurements will be detailed below.
Viscosity measurements
The apparent viscosities of 1 g/L Carbopol in 10 −3 M NaNO 3 solutions, and pH between 4 and 9, were measured in a CS-10 Bohlin rheometer (Bohlin Instruments, UK) working in controlled shear-rate operation mode. In order to avoid wall slippage, a vane-in-cup geometry was used (Bohlin V-25; vane diameter/length: 1.4/3.0 cm; cup diameter/height: 1.5/4.7 cm). Prior to starting the experiments, and in order to obtain reproducible starting conditions because of the thyxotropic behavior of Carbopol solutions, a preshear ofγ = 20 s −1 was applied for 30 s, followed by a waiting time of 300 s. The apparent viscosity of Carbopol solutions was obtained from a shear stress ramp between 0.057 and 460 s −1 in 60 logarithmically spaced steps for a total time of 300 s.
Stability determinations
The stability of the suspensions was inferred from optical absorbance measurements as a function of time. A Milton Roy Spectronic 601 (USA) spectrophotometer set at a wavelength of 550 nm was used. Square cuvettes with 1 cm light path were used; the center of the light beam strikes the cuvette 1.5 cm above its bottom. When the effect of the magnetic field was studied, a pair of Helmholtz coils (Phywe, Germany) was used; the center of the cuvette was located at the center of the line joining the centers of each coil. The magnetic flux density inside the cuvette position can be varied between 0 and 2.3 mT and was measured with a Hall-effect teslameter (Phywe, Germany). Variations of the magnetic flux density along the cuvette axis were always below 10%.
Surface free energy determination
In order to estimate the different contributions to the total energy of interaction between magnetite (or polymercovered magnetite) particles, their surface free energy was first determined from measurements of advancing contact angles of three probe liquids (diiodomethane, water, and formamide) of known surface tension components, on dry magnetite layers. These were prepared by uniformly spreading a 35% volume fraction magnetite suspension in dichloromethane on a clean microscope glass slide. It was verified that spreading a volume of 2.5 ml of these suspensions on the slides was enough to ensure a thickness of the magnetite layer sufficient to provide contact angles significantly different from those corresponding to the bare glass support. After placement of the suspensions, the magnetitecovered slides were dried at room temperature to evaporate the dichloromethane solvent, and then placed in a desiccator for 24 h. The contact angles formed by the probe liquids were measured with a Ramé-Hart 100-07-00 (USA) telegoniometer. The images of drops placed on the hematite layers were captured with a video camera adapted to the goniometer, immediately after their deposition with a Gilmont (USA) micrometer syringe. Only stable drops were used to compute (see below) the surface free energy components of the solids.
Estimation of the surface free energy components of the Carbopol-covered magnetite particles required a different method, due to the difficulty of obtaining smooth layers and reliable contact-angle measurements. The procedure consisted of the following steps: (i) solutions containing 1 g/L polymer and 10 −3 NaNO 3 were prepared and left to equilibrate overnight to ensure homogeneity; (ii) a 10% volume fraction magnetite suspension was made by adding the particles to the polymer solution, and then the pH was adjusted at 7 and readjusted after 12 h; (iii) the solid phase was separated by magnetic sedimentation and the supernatant was discarded; (iv) the polymer-covered magnetite particles were dried at 60 • C for 15 min; (v) finally, pellets of 1.1 cm radius of the solid material were obtained by compressing the dry powder in a Spepac (UK) hydraulic press under 10 3 MPa for 25 min. So, an appropriate smooth surface was obtained for measuring contact angles with the same triad of liquids noted above.
According to the theory of van Oss, Chaudhury, and Good [16] , the surface free energy, γ i , of a material i can be expressed as the sum of two components, one nonpolar or Lifshitz-van der Waals (LW), and the other polar or acidbase (AB), as 
Results and discussion
Particle morphology
Transmission electron micrographs like those in Fig. 1 demonstrate that spherical and quite monodisperse particles can be obtained with the method of Sugimoto and Matijević [18] . Measurements on 114 particles yielded an average particle diameter of 520 ± 30 nm. Fig. 2 shows the hysteresis loop of the magnetite powder. As observed, a saturation magnetization M s of 570.7 kA/m was obtained; this value is similar to that reported in Ref. [20] for pure magnetite, M s = 510 kA/m. Fig. 2 demonstrates that the synthesized ferrite is a not very hard magnetic material, because of its small coercive field H c = 4.07 kA/m and its high saturation magnetization. Furthermore, its permanent magnetization (29.3 kA/m) is quite low in comparison to that of hard magnetic materials.
Magnetic properties
Electrophoretic mobility
In Fig. 3 we show the electrophoretic mobility, u e , and zeta potential ζ of magnetite particles in 10 −2 and 10 −3 M NaNO 3 solutions as a function of the pH. ζ was estimated by means of the O'Brien and White method [21] . As observed, the isoelectric point (iep) was found at pH iep ≈ 6.3. This value is slightly lower but comparable to that obtained for magnetite particles in previous works [22] [23] [24] [25] [26] .
Carbopol adsorption on magnetite particles can be qualitatively checked by measuring the electrophoretic mobility in the presence of polymer in solution. In Fig. 4 , the dependence between u e and polymer concentration is shown at different pH values, and constant ionic strength (10 −3 M NaNO 3 ). As observed, whatever the pH value, u e is negative in the overall polymer concentration and pH ranges studied, and it is lower in absolute value at pH 4. A clear charge reversal in magnetite particles is provoked by polymer adsorption at pH 4 (below pH iep ), for both Carbopols tested (C-934, Fig. 4a ; C-941, Fig. 4b ), as a consequence of the adsorption of polyacrylic molecules bearing partially dissociated carboxyl groups (recall that pK a = 6.0).
Let us note that, because the electrostatic particle-polymer attraction must be hindered at neutral-basic pH conditions, the adsorption of charged Carbopol molecules at pH > pH iep must predominantly take place via formation of surface complexes between the surface metal ions and the carboxyl groups of the polymer. Such a mechanism has been previously proposed for other metal oxides in the presence of low molecular weight polyelectrolytes [27] [28] [29] . However, the effect of the polymer addition is different for both Carbopols at pH 7 and 9. For C-934 (MW = 3 × 10 6 g/mol), |u e | is larger at pH 9 than at pH 7, while the opposite situation or no significant differences between both pH values (concentration > 0.1 g/L) occurs for C-941 (MW = 1.25 × 10 6 g/mol). To explain this behavior we can, in principle, consider two simultaneous phenomena that would play opposite roles in the overall electrophoretic velocity (v e ): (i) the progressive dissociation of carboxyl groups as pH increases, and (ii) the increase in polymer solution viscosity as the pH approaches neutral pH. It will be the balance between these two opposite effects that will determine the change in |u e |.
In the next paragraph, we will consider viscosity effects.
Viscosity of polymer solutions
To confirm the presumed above-noted effect of the liquid viscosity on |u e |, we have measured the viscosity of both polymer solutions in the pH range 4-9. In Fig. 5 we present the results obtained from viscosity vs shear rate measurements, at a shear rateγ = 10 s −1 , and 1 g/L polymer concentration (10 −3 M NaNO 3 ). It is evident that the viscosity of C-941 solutions is larger, whatever the pH, than that of C-934. The maximum viscosities were found at pH 7 and 6, for C-941 and C-934, respectively. So, the fact that |u e | is larger at pH 7 than that at pH 4 for both polymers studied (see Fig. 4 ) must be related to the increasingly negative charge of the polymer chains due to the dissociation of carboxyl groups. The adsorption of these negatively charged molecules must overcome the increase in viscosity from pH 4 to 7.
On the other hand, in order to justify the increase in |u e | for C-934 between pH 7 and 9 ( Fig. 4a) , it is enough to consider that both the progressive ionization of the polymer and the decrease in its viscosity work in the same direction to provoke the observed increase in |u e |. However, for C-941-covered magnetite particles the trend in |u e | (Fig. 4b ) cannot be explained using the same argument. Only additional information concerning the surface charge, electric potential, and liquid flow in the adsorbed polymer layer could help in explaining the different mobility behavior observed in the pH interval 7-9 for the two polymers (see below). Let us also point out that, although the viscosity of both polymer solutions is quite different, the u e values are similar in Figs. 4a and 4b. However, as we will see below (Table 1) , the estimated surface concentration of adsorbed molecules (ξ , molec/m 2 ) is larger in the case of C-941 than for C-934. So, both phenomena seem to compensate each other in such a manner that the resulting electrophoretic mobilities have Table 1 Charge density (ZN/N A ; mol/L), and softness parameter (1/λ; nm) of the polymer hydrogel layer covering magnetite particles, obtained by fitting data in Fig (7), ψ DON (Donnan potential; mV; Eq. (5)), ψ 0 (surface potential; mV; Eq. (6)), and surface concentration of adsorbed molecules (ξ ; molec/m 2 ; see Eq. (11)), at the pH values indicated. In all cases magnetite particles were pretreated with 0.01 g/L polymer and 10 −3 mol/L NaNO 3 solution. similar values: although the viscosity of C-941 is larger, so is the adsorption of this negatively charged polyelectrolyte.
Another effect worth noting in Fig. 4 is the decrease in |u e | for polymer concentrations larger than ≈10 −2 -10 −3 g/L in the pH range 7-9. This can be explained because the increase in viscosity as polymer concentration increases cannot be compensated by the adsorption of charged polyelectrolyte.
Electrical double-layer characteristics
We can get an additional insight into the solid/liquid interface of these systems if we estimate, among other relevant quantities, the interfacial electric potential. The estimation of electrokinetic potential (ζ -potential) from mobility data by means of the simple Helmholtz-Smoluchowski or more sophisticated methods, like those by O'Brien and White [21] , may lead to a wrong estimation of ζ -potential of polyelectrolyte-coated particles, if not to a totally meaningless quantity. This is so because for such particles, as noted by Ohshima [30] , we must consider the potential and the liquid flow distributions not only outside but also inside the charged surface layer. In this work we will estimate the surface potential of the polymer-covered magnetite particles using the theory and experimental method proposed by Ohshima and co-workers [30] [31] [32] [33] .
This approach assumes that the electrical double layer around a solid surface with an adsorbed polyelectrolyte can be separated into two regions: a hydrogel layer of thickness d that contains the adsorbed polyelectrolyte molecules, and, further away from the solid surface, a diffuse double layer. It is assumed that Donnan equilibrium is established between the two layers because of the different salt concentrations inside the hydrogel layer and in the surrounding solution. Two electric potentials are involved in the overall description of the electrical double layer: the Donnan potential (ψ DON ) inside the hydrogel layer, and the surface potential (ψ 0 ) at the boundary between the adsorbed polymer layer and the surrounding solution. The model assumes that the polyelectrolyte segments can be regarded as resistance centers, exerting frictional forces on the liquid in the hydrogel layer given by −γ u (γ , frictional coefficient; u, liquid velocity inside the polyelectrolyte layer). Considering this additional frictional force in the Navier-Stokes equation inside the hydrogel layer, an expression can be derived that relates the surface potential ψ 0 and the electrophoretic mobility u e . It is assumed that the ionized groups of charge Ze of the polyelectrolyte molecule are uniformly distributed over the polymer layer with a number density N (m −3 ), and that the liquid contains a symmetrical electrolyte of valence z and bulk concentration n (m −3 ). For a spherical particle consisting of a hard particle of radius a covered by a polyelectrolyte layer of thickness d, u e is related to ψ 0 by [30, 33] 
where ε is the electric permittivity of the liquid medium, η is its viscosity, λ is a frictional parameter given by (γ /η) 1/2 , and κ m is the effective Debye-Hückel parameter of the surface hydrogel layer, that involves the contribution of the fixed charge ZeN . The parameter 1/λ can be considered to characterize the "softness" of the polyelectrolyte layer, because at the limit 1/λ → 0, the particle becomes rigid, an Eq. (4) tends to the classical Smoluchowski equation. It can also be shown [30] that 1/λ is a measure of the distance between the slip plane and the region where the liquid velocity is almost constant. In Eq. (4), the function f (d/a) varies between 1 and 2/3 from thin to thick hydrogel layers, respectively. In our case, given that a d, we assume f (d/a) = 1. The corresponding expressions for ψ DON , ψ 0 , and κ m are given by [30, 33] (5)
where k is the Boltzmann's constant, e is the electron charge, T is absolute temperature, and κ is the Debye-Hückel parameter of the solution. Finally, the potential distribution inside the polyelectrolyte layer as a function of the distance (x) from the solid surface is given by
The procedure for the experimental determination of both ZN and λ was described by Ohshima [31] and Makino [34] for different polymer-covered latex particles. Their method has also been followed by us in a recent work to characterize the humic acid/hematite interface [29] . It involves fitting Eq. (4) to experimental electrophoretic mobility curves vs concentration of symmetrical electrolyte (NaNO 3 in our case). The experimental method used in this work consisted of the following steps: (i) adsorption of the polymer on the particles in suspensions of the desired electrolyte composition (pH 4, 6, 7, or 9; 0.01 g/L of Carbopol C-934 or C-941; 10 −3 mol/L NaNO 3 ; particle concentration 0.05 g/L) for 24 h; (ii) the suspensions were centrifuged and the supernatant was discarded; (iii) the resulting particles were redispersed in polymer-free solutions with different NaNO 3 concentrations, and the pH was finally adjusted to the desired value by addition of NaOH or HNO 3 ; (iv) the electrophoretic mobility was measured 24 h after the third step, immediately after readjusting the pH.
Using this procedure we obtained the results shown in Fig. 6 , representing the electrophoretic mobility as a function of the ionic strength for different pH values. As observed, u e is negative whatever the pH or ionic strength for both polymers used, although |u e | is lower as NaNO 3 concentration is increased. The fact that the electrophoretic mobility tends to a nonzero value even in solutions with an ionic strength as high as 0.16 mol/L confirms that the surface of the particles is covered by a "soft" polymer layer and the data obtained can be discussed in terms of Ohshima's theory [30, 33] .
The lines in Fig. 6 were obtained by fitting the experimental points to Eq. (4). The best-fit parameters 1/λ and ZN/N A (N A , Avogadro's number) are given in Table 1 . From these parameters, it is possible to calculate ψ DON , ψ 0 , and κ m using Eqs. (5)- (7), and the results are also included in Table 1 . First of all we will analyze the data corresponding to Carbopol C-934 (recall that its molecular weight is 3 × 10 6 g/mol) in Table 1 . It is clear that increasing the pH in the range 4 to 6 brings about an increase of the negative charge density (ZN ) in the polyelectrolyte layer and simultaneously a decrease in the softness parameter 1/λ, which characterize the distance between the slip plane and the region of constant liquid velocity. The reverse tendency is observed between pH 6 and 9. In order to explain these results we must consider two opposite phenomena: (i) the increase in the ionization degree of carboxyl groups in acrylic monomers (pK a = 6.0 ± 0.5) as the pH increases from acid to neutral-basic, and (ii) the simultaneous uncoiling of polymer chains that provokes an increase in the "softness" parameter 1/λ. The first factor seems to be predominant for the C-934 sample between pH 4 and 6, and consequently the charge density increases. The opposite situation is observed in the pH range from 6 to 9, where the predominant phenomenon seems to be the uncoiling of the adsorbed polymer molecules that bear a progressively higher proportion of dissociated carboxyl groups.
In the case of Carbopol C-941, the pH effect on both the charge density and the softness parameter are less pronounced as compared with C-934, because of the lower molecular weight of the polymer (1.5 × 10 6 g/mol). Now, only a significant increase in the softness parameter is observed when the pH changes from 4 to 6, as a consequence of the uncoiling of the molecules that can facilitate both the mobility of the polymer chains and the liquid flow in the hydrogel layer. This fact seems to be counterbalanced by the increasing dissociation of the carboxyl groups, and for this reason no significant change in ZN is found between pH 4 and 6. For pH 6 neither ZN nor 1/λ are significantly affected by the pH of the solution.
The estimated changes in charge density (ZN ) have a direct correlation with the values of interfacial potentials ψ DON and ψ 0 . It is clear that the overall effect in both polymer coated-magnetite suspensions, in the pH range 4-9, is to impart a low negative surface potential to the magnetite particles, that will provoke a slight electrostatic repulsion between the particles. It can be surprising that ψ DON and ψ 0 reach such rather low values as compared to predictions from the Smoluchowski equation for rigid particles (for a mobility u e ≈ −4 µm s −1 /V cm −1 , ζ would be ≈−50 mV). But, in soft particles both the ζ -potential and the slip plane lose their meaning because of the liquid flow inside the hydrogel layer [30] . On the other hand, the surface potentials obtained in this work are comparable to those calculated using mobility data reported by Ohshima et al. [31] for core latex particles covered by a poly(N -isopropylacrymalide) hydrogel layer at 25 • C (ψ DON = −1.93 mV, ψ 0 = −0.96 mV). Only in the case of hydrogel layers produced by adsorption of low molecular weight polyelectrolytes, in which the softness parameter is lower than those obtained in this work, the Donnan potential can be of the same order (albeit lower) as ζ -potential, as we have demonstrated in a previous work [29] .
Summarizing, the combination of data on electrophoretic mobility and double-layer potentials leads us to conclude that Carbopol adsorption confers a negative surface charge to magnetite particles whatever the pH value. As a consequence, a net stabilizing effect, caused by double-layer electrostatic repulsion, is expected in the suspensions. Simultaneously, a clear increase in the softness parameter of the adsorbed hydrogel layer is found as the pH increases from acid to basic. This is coherent with the progressive uncoiling of polymer chains. An additional contribution to the stability of the suspensions can be expected by steric repulsion between the adsorbed polymer chains, as we will see below. In the next sections we will discuss the overall stability of the system.
Stability of the suspensions: Effect of pH and magnetic field
The stability of magnetite suspensions was checked by studying the evolution with time of the normalized optical absorbance (A/A 0 , A is the absorbance at time t, and A 0 is the value corresponding to the initial conditions) of dilute suspensions for different compositions of the aqueous dispersion media, and in the absence or presence of applied magnetic field. Fig. 7 is an example of the absorbance vs time at different pH values and constant ionic strength. Due to the high density of the magnetite particles, the overall trend consists in a decrease of the absorbance with time. As observed, the sedimentation rate is faster as the pH is close to the pH iep of the particles.
A better picture of the different sedimentation rates can be obtained if we represent the initial slope of the A/A 0 − t curves as a function of the quantity of interest. In Fig. 8 the initial slope is represented as a function of the pH of the solution, and in the absence or presence of magnetic field. In the former case, the suspension stability is very dependent on the pH: the sedimentation rate (proportional to the absolute value of the initial slope [d(A/A 0 )/dt] t=0 ) is larger the closer the pH to the pH iep of magnetite particles (see Fig. 3 ). This is a consequence of the particle aggregation favored by the absence of electrostatic repulsion between particles. Nevertheless, we will support this conclusion on interaction energy calculations below.
Similar experiments were performed while applying an external magnetic field. The field is switched on at the beginning of absorbance vs time measurements and the suspension is left to sediment under a vertical magnetic flux density B = 2.3 mT. Now the sedimentation rate is significantly reduced for the whole pH range studied. The suspensions are clearly more stable in the presence of the field. In a previous work devoted to the stability of cobalt ferrite suspensions [35] , we demonstrated that the field magnetizes the particles and that the subsequent magnetic attraction brings about the formation of large flocculi occupying most of the suspension volume, thus explaining the slow absorbance changes and the small sedimentation rates, as compared with those in absence of magnetic field. The intensity of the interparticle magnetic attraction, in comparison with other colloidal interactions, will be considered below.
Stability of the suspensions: Effect of polymer addition
The stabilizing effect of polymer addition was studied in a similar way to that described in the previous paragraph. The results are shown in Fig. 9 (C-934) and Fig. 10 (C-941) . In absence of magnetic field, we can observe a clear decrease in the sedimentation rate as the polymer concentration increases for both Carbopol samples used, the effect being more pronounced at pH 7. These results are coherent with the larger thickening effect imparted to the solution by both polymers at neutral pH (see Fig. 5 ), where the uncoiling of the polymer chains induces the maximum viscosity in the aqueous gel. On the other hand, the antisettling effect of C-941 (Fig. 10a) is slightly more effective than that observed for C-934 (Fig. 9a) , because of the larger viscosity reached by the solutions of C-941. But the most interesting feature in Figs. 9 and 10 is the disappearance of the maximum in sedimentation rate at pH 7, observed in Fig. 8 . This fact is not only provoked by the thickening action of the solved polymer, but also the hindrance of particle coagulation caused by the adsorbed polymer layer must play a fundamental role. As shown in Fig. 4 (see also Table 1 ), electrostatic repulsion must be partly responsible for the decrease in particle aggregation rate. But other colloidal interactions between polymer-covered particles (e.g., steric repulsion, hydration forces) could also impose an energy barrier that avoids coagulation and stabilizes the suspensions, as we will analyze below. Summarizing, the global effect of polymer addition is to impart a high stability to the suspensions by the modification of both the solution viscosity and the interfacial properties of the particles.
When a magnetic flux density B = 2.3 mT is applied, the sedimentation rate is significantly reduced for both polymers (Figs. 9b and 10b) , in the overall concentration range studied, in comparison with the results found in absence of magnetic field. The important feature is that the existence of a hydrogel layer around the particles does not seem to screen the magnetic interactions between particles. So, the formation of magnetically induced particle chains facilitates a sedimentation rate of practically zero. This fact represents an advantage of polymer stabilization over other additives used to stabilize magnetorheological fluids, such as silica nanoparticles, because the polymer gel does not avoid the migration of the particles leading to chaining. When silica is used with the same objective [5, 6] , an excessive addition of gel-forming agent hinders the magnetic structuration of the system, as demonstrated in a previous work [7] .
Interaction energy between particles
The stability of the suspensions can be explained in terms of the potential energy of interaction between the particles. Assuming additive potentials, we will extend the DLVO theory to include hydration forces (or acid-base interactions in the van Oss notation [16] ), magnetic, and steric interactions.
Magnetic interaction
The magnetic contribution can be expressed in terms of a potential energy function, V M , given by [36] (9)
where M is the magnetization of the material, a the radius of the particles, s the distance between the surfaces of two interacting particles, and µ 0 is the magnetic permeability of vacuum. Equation (9) corresponds to the potential energy of interaction between two magnetic dipoles under the simplifying assumptions that both magnetic moments are parallel, of the same strength, and oriented head-to-tail. As the experiments were performed at low magnetic flux density (B = 2.3 mT), the magnetization will be considered proportional to H . From the first magnetization curve in Fig. 2 , we obtain χ = 9.2, and M = 1.65 kA/m.
Electrostatic interaction
The electrostatic repulsion between the electrical double layers, in the absence of adsorbed polymer, can be calculated from the following potential [37] ,
where it is assumed that the particle has a constant and moderate surface potential and that the diffuse layer potential can be identified with the electrokinetic or ζ -potential.
Steric repulsion
This is a repulsive interaction between polymer-covered particles in good solvents in which the Flory-Huggins interaction parameter is less than 0.5 [38, 39] . The so-called combined entropy-solvency approach considers the contribution of two terms to the overall steric interaction: the osmotic (or mixing) repulsion due to the displacement of solvent from the interfacial region into thrbulk, and the elastic (or volume restriction) term imposed by the perturbation of the conformation of adsorbed chains [39] [40] [41] . In this approach, the interaction force decays rapidly with the surface-to-surface separation, s, and it vanishes at s 2d (d is the thickness of the polymer layer). The interaction between spherical particles can be obtained accurately using the Derjaguin approximation [42, 43] , and the potential energy predicted, considering both the osmotic and the elastic terms, is a function of the thickness of the polymer layer and Table 2 Contact angles (degrees) of water, formamide, and diiodomethane on magnetite and Carbopol-covered magnetite layers
Material
Water Formamide Diiodomethane Magnetite 34 ± 4 2 6 ± 3 1 3 ± 3 C-934-magnetite 45.6 ± 1.7 2 5± 1 2 3 ± 1 C-941-magnetite 37 ± 1 3 0 ± 1 2 3 ± 1 the mean distance between the chain attachment points at the core surface. In the case of polyacrylic polymers, a multisite adsorption is expected because the adsorbed molecules bear many polar groups along the chain that can be grafted on the surface. Hence, in this case the steric repulsion must depend on the segment density distribution in the adsorbed layer [10, [39] [40] [41] 44] . The evaluation of this segment concentration profile for Carbopol polymers is limited by the difficulty of determining the adsorbed amount of polymer (number of chains/area), which is also needed to estimate both the mixing and the elastic contributions [10, 41] . The experimental determination of the nonadsorbed Carbopol equilibrium concentration in the suspensions is affected by a high level of inaccuracy because of the presence of magnetite particles in suspension, even after ultracentrifugation of the samples. This is so particularly at neutral-basic pH, when the liquid medium has a very high viscosity provoked by the thickening effect of the Carbopol polymers. Nevertheless, although the theoretical aspects concerning the mechanism of steric stabilization would need further refinement, it is obvious that a short-range repulsive interaction should be introduced to account for the role of the adsorbed polymer layer in avoiding particle aggregation. For this reason, a semiquantitative estimation of the steric repulsion has been considered in this work on the basis of the simple mechanism referred to as entropic repulsion, proposed by Mackor [45] for flat surfaces, and extended by Rosensweig and co-workers [36, 46] to spherical particles. In this approach, the polar head groups of the adsorbed molecules are assumed to be dilute on the surface, and the tails considered as rigid rods that can take up a hemisphere of orientations under the influence of thermal motions. The repulsion potential between a neighboring pair of spheres, obtained by means of this simplified treatment, is given by [36, 46] 
where l = s/a, t = d/a, and ξ is the surface concentration of adsorbed molecules. The thickness of the adsorbed layer, d, can be estimated from electrokinetic measurements applying the Ohshima's theory for soft particles [30] . As previously explained, in this approach the parameter κ −1 m is the effective Debye-Hückel thickness of the surface layer that involves the contribution of the fixed charges ZN . So, it is plausible that d ≈ κ −1 m . The values of this parameter at different pH values and an initial polymer concentration of 0.01 g/L are given in Table 1 . The surface concentration of adsorbed molecules, ξ (molec/m 2 ), can be estimated starting from the values of charge density of the hydrogel layer ZN/N A (mol/L) ( Table 1 ). This estimation consists in the following steps: (i) from the values of ZN , the pK a of the acrylic groups, and the polymer molecular weight, we can calculate the concentration of polymer molecules in the adsorbed layer (molec/L); (ii) the total number of polymer molecules in that layer is estimated considering the volume of a spherical polymer layer with inner radius equal to that of the core particle, a, and outer radius equal to a + κ −1 m ; (iii) finally, ξ is obtained as the total number of polymer molecules in the adsorbed layer divided by the actual surface area of the core particle (3.67 m 2 /g for magnetite). The resulting ξ values are given in Table 1 .
Van der Waals interaction
The van der Waals attraction between the magnetite or Carbopol-covered magnetite spheres can be obtained from [47] (12)
where A is the Hamaker constant, that depends on the characteristics of both the particles and the liquid medium. (Table 3 ) of the surface free energy of the materials by means of [16] (13a)
where G LW SLS is the van der Waals component of the total interfacial energy between solid particles immersed in the liquid phase. H 0 is the so-called equilibrium separation distance between interfaces. According to van Oss [16] , the most reasonable value estimated for H 0 is 1.58 ± 0.08 Å.
Acid-base interaction
Here we include the hydration forces, also called structural or solvation forces, which are relevant for many colloidal systems in aqueous media [15] [16] [17] 48] . According to the van Oss's surface thermodynamics approach [16] , these forces are related to the polar (or Lewis acid-base, AB) component of the S/L interfacial tension. The dependence of the AB energy of interaction, V AB , with the distance between solid surfaces, s, immersed in the liquid medium is given by
where G AB SLS is the acid-base component of the total interfacial energy, which depends on the electron-acceptor and electron-donor parameters (γ + , γ − ) of the solid and liquid phases (Table 3) , and the parameter β is the so-called correlation length of the water molecules. A reasonable value of β for hydrophilic surfaces is β ≈ 1 nm [15, 16] . Note that, depending on the sign of the total interfacial energy [16] , Table 3 ).
Interaction energy diagrams
Considering that the total energy of interaction between particles can be obtained by addition of the above-noted contributions (magnetic, electrostatic, steric, van der Waals, and acid-base), we have obtained the corresponding energy vs surface-to-surface distance between magnetite (or Carbopolcovered magnetite) particles for different pH values and constant ionic strength (10 −3 M NaNO 3 ). The purpose of these diagrams is to justify, at least semiquantitatively, the stability behavior of the suspensions in the absence or presence of magnetic field, analyzing in each case the role played by the different contributions to the total interaction potential.
In Fig. 11 , as an example, the different contributions to the total energy of interaction are represented as a function of the distance between the particle surfaces in the case of magnetite suspensions in the absence of Carbopol, at pH 7 and 10 −3 M NaNO 3 ionic strength. In this graph we can clearly compare the strength and range of the different contributions to V T . At first glance, it is evident that the magnetic interaction is the longest range one. For very short distances (<8 nm, approximately), the acid-base repulsion is predominant, due to the hydrophilic nature of the magnetite particles. However, for larger distances (>8 nm) a net attraction Table 3 Surface free energy components (mJ/m 2 ), and interfacial energy of interaction, G TOT SLS , and its LW and AB components (mJ/m 2 ), obtained using Eqs. (3), (13b), (14b), (15) and data in Table 2 , for magnetite and polymer-covered magnetite particles results from van der Waals and, mainly, magnetic forces. In this example (pH 7; ζ -potential ∼ −6.4 mV), the electrostatic repulsion is very low because of the proximity to the isoelectric point. In order to obtain a more clear picture of the effect of the pH of the solution, and justify the stability measurements in Fig. 8 , we have plotted in Fig. 12 the total energy of interaction as a function of distance, s, at pH 4, 7 (close to pH iep ) and 9, and both in the absence (Fig. 12a) or presence of magnetic field (Fig. 12b) . From data in Fig. 12a we can see that in the vicinity of the pH iep the net attraction between individual particles can justify the aggregation and the larger sedimentation velocity observed in Fig. 8 . Far from pH iep (pH 4 and 9) the attraction is negligible, and the distance of maximum approach between particles is considerably larger than that at pH 7, thus preventing particle aggregation. Under these conditions (far from pH iep ) more stable suspensions can be expected, as observed in Fig. 8 .
When a magnetic flux density of 2.3 mT is applied (Fig. 12b ) the magnetic attraction between the magnetized particles provokes a deeper potential well, and a shorter distance of maximum approach between particles than that in the absence of magnetic field, at any pH value of the solution. This energy diagram suggests the possibility of formation of large loose flocculi resulting from interparticle magnetic interactions leading to chaining, which can fill all the suspension volume. As a consequence, a decrease in the sedimentation velocity under the action of the magnetic field is justified, as observed in Fig. 8 .
When the magnetite particles are covered by a Carbopol layer, completely different energy diagrams are found. The adsorbed molecules will provoke significant changes in the interactions described, as well as the existence of a new contribution: the steric repulsion. First of all, the electrostatic interaction can be neglected because of the low values of the electric potentials now involved (ψ DON or ψ 0 ). On the other hand, as can be seen in Table 3 , the acid-base interaction suffers a considerable change because of the significant modification of the electron-donor parameter, γ − S , of the surface free energy. This fact implies that the interfacial (nonelectrostatic) energy G TOT SLS (Eqs. (14) and (15)) at the equilibrium distance H 0 , which is repulsive (hydrophilic) for magnetite or C-941-covered magnetite, turns into hydrophobic attraction for particles covered by C-934. This behavior can be attributed to the very high molecular weight (3 × 10 6 g/mol) of C-934, that converts the magnetite surface from hydrophilic (γ cause such a dramatic change in the polar or acid-base nature of the magnetite surface, that remains hydrophilic. Concerning the van der Waals interaction, only a very small change is expected because of the slight modification in G LW SLS , that is, in the Hamaker constant (see Eq. (13), and Table 3 ), when magnetite is covered by a polymer layer.
Obviously, the main fact in the energy diagrams is now the steric repulsion, because of its strong magnitude at short distances between surfaces. Whatever the theory employed, this contribution implies the existence of an energy barrier at s ≈ 2d. In Fig. 13 an example of the energy diagrams is presented, including all the contributions to the total energy of interaction, for both polymer samples used. An important qualitative difference is found between the effects of each polymer: the AB interaction is a hydrophobic attraction for C-934 (Fig. 13a) and hydrophilic repulsion for C-941 (Fig. 13b) . In order to compare the effects on the total energy of interaction of the different variables (pH, effect of magnetic field), we give in Table 4 the minimum value of the total energy of interaction, V min , and the distance between particle surfaces in the minimum of the potential well, s min , for both Carbopols. For C-934 and B = 0 the maximum attrac- tion and the distance of closest approach between particles is found around pH iep . This fact explains the results in Fig. 9a , in which, for low polymer concentration, the poorest stability was found at pH 7. When the magnetic field is applied, the values of |V min | are higher than in the absence of field, as a consequence of magnetic attraction favoring the formation of large flocculi and a lower sedimentation velocity, as observed in Fig. 9b . Nevertheless, the depth of the potential well (≈55-60 kT) explains the redispersion difficulties in the flocculated C-934/magnetite suspensions. For this reason, this polymer does not seem to be very adequate in order to stabilize the magnetite suspensions. Here the existence of hydrophobic attraction has an unexpected and undesirable effect on the stability of the suspensions. An entirely different situation is found in the case of C-941 suspensions. The values of V min and s min indicate a negligible effect of the pH, predicting a similar stability whatever the pH of the solution. Now the values of V min and s min in the presence or absence of magnetic field predict the formation of easily redispersable suspensions (|V min | ≈ 8-13 kT), which are constituted by loose flocculi (s min ≈ 16 nm). These results explain the stability behavior in Fig. 10 . The addition of C-941 favors the stability and facilitates the redispersion of the system mainly by the combined action of the hydrophilic and steric repulsion between the polymer-covered particles. Simultaneously, the Carbopol layer does not screen the magnetic interactions, whereas the thick Carbopol solution does not avoid the migration of the particles leading to chaining, a phenomenon that is mainly responsible for the magnetorheological effect in this kind of magnetic fluids.
Conclusions
In this work we have demonstrated that it is feasible to obtain stable magnetorheological suspensions constituted by monodisperse, micrometer-sized magnetite particles dispersed in aqueous media, by means of the addition of high molecular weight polyacrylic acid polymers in concentrations less than ≈1 g/L.
The analysis of the electrical double-layer properties demonstrates the adsorption of the polymer on the particles, forming a soft layer around them. The stability of the suspensions depends of the combined effects of the pH, the adsorbed polymer layer, and the action of external magnetic field. The overall stability of the systems can be explained considering short-range colloidal interactions as van der Waals, electrostatic, hydration, and steric, and the longrange magnetic forces induced by the magnetic field applied.
The experimental analysis of the stability of the suspensions shows that the magnetic field facilitates the formation of loose flocculi due to the chaining of magnetized particles. This effect is not screened by either the adsorption of polymers or the high viscosity of the polymer solution, which simultaneously hinders the settling of the magnetized particle chains.
The best stability of the magnetite suspensions is reached, whatever the pH of the solution, when Carbopol C-941 (MW 1.5 × 10 6 g/mol) is added to the suspensions, essentially by the combined effects of hydrophilic and steric repulsions between the polymer-covered particles. In fact, for polymer concentrations about 1 g/L the antisettling effect is maintained for months, simultaneously allowing the ordering of the suspensions even under weak magnetic field (magnetorheological effect). However, when we used polyacrylic acids of very high MW, like Carbopol C-934, the stability of the systems got worse because the hydrophobic attraction acts against the steric repulsion.
In summary, the stabilization of aqueous magnetorheological suspensions is possible by means of an adequate selection of soluble polymers that modify the viscosity of the liquid medium, simultaneously being capable of forming adsorbed layers that facilitate a strong hydrophilic and steric repulsion between the particles. If the polymer concentration is adequate, the challenge of formulating stable and nonsettling suspensions compatible with the desirable magnetorheological response of the fluid can be achieved.
